While nanotechnology is growing exponentially, the knowledge of the impact of nanoparticles (NPs) on public health and the environment is limited so far. Current nanomaterial research is focused on the applications of nanotechnology, whereas there is little information on exposure assessment and risk characterization associated with NPs. Therefore, it is essential that the factors influencing NPs associated hazards be studied. This review seeks to survey and evaluate the current literature in order to better understand the impact of both airborne and engineered NPs exposure, the mechanisms at the cellular level, and the factors influencing their immunotoxicity. In fact, NPs do have immunotoxicological significance, as immune cells in the bloodstream and tissues do act to eliminate or interact with NPs.
Introduction
Two decades of nanotoxicology research have shown that the interactions between nanoparticles (NPs) and cells, animals, humans, and the environment are remarkably complex; this complexity derives from NPs' ability to bind and interact with biological matter and change their surface characteristics.
Humans are continually exposed to NPs generated by both natural processes and industrial activities. Photochemical reactions in the troposphere, crustal erosion, volcanic eruptions, and forest fires represent the main natural sources of NPs. NPs are also produced as toxic by-products 1,2 during industrial activities, i.e. combustion processes, or they are produced and designed intentionally with very specific properties related to shape, size, surface properties, and chemical composition to be used in many applications in our common life such as cosmetics, sporting goods, tires, stain-resistant clothing, sunscreens, toothpaste, food additives, etc. 3, 4 Engineered NPs are produced in the gas phase by chemical transformation at high temperatures or as powders or slurries/suspensions/solutions from chemical solution deposition (sol-gel processes). [5] [6] [7] It should be noted, finally, that NPs are generated in indoor environment by vacuum cleaners, office printers, ironing, candles, hair dryers, or steam irons. [8] [9] [10] There have been several studies demonstrating that NPs have biological effects on the cardiopulmonary, neurological, gastrointestinal, and skin systems; however, the effects on the immune system have not been fully identified, due to paucity of studies to date. [11] [12] [13] [14] [15] Studies have revealed that the same properties that make NPs so unique could also be responsible for their potential toxicity. 16, 17 Compared to larger particles, NPs have a higher deposition rate in the peripheral lung, they can cross the pulmonary epithelium and reach the interstitium, and may thus be systemically distributed in the bloodstream, raising the possibility of increasing the level of inflammation. NPs have an enhanced capacity to produce ROS and, consequently, have a widespread toxicity since ROS generation by particles can exert protein, lipid, and membrane damage. [18] [19] [20] It is hypothesized that exposure to NPs may induce immunotoxicity resulting in detrimental effects on immune function. NPs can stimulate and/ or suppress the immune responses: inadvertent suppressed immunological function caused by NPs exposures may result in increased incidence and severity of infectious diseases and cancer. In contrast, inappropriate enhancement of immune function or the generation of hypersensitivity could possibly exacerbate the development of allergic and/ or autoimmune diseases. 21 The NPs tropism with the immune system is largely determined by their physico-chemical properties, such as higher degree of surface charge and proton exchangeability. 22, 23 This review seeks to evaluate the current literature in order to better understand the impact of both occupational and environmental NPs exposure and the factors influencing their immunotoxicity. The focus will be put on the mechanics and biochemistry of toxicity, as well as toxicityrelated risk factors and health implications.
The review of the most relevant contributions to the literature in the fields of toxicology (including in vitro and in vivo studies), industrial hygiene, and epidemiology is reported starting with the information retrieved from PubMed (http://www. ncbi.nlm.nih.gov/pubmed/), Google Scholar (http://scholar.google.com), and ScienceDirect (www.sciencedirect.com) using the following keywords: nanoparticle AND immunotoxicity AND source OR environment OR occupation AND health OR physico-chemical characteristic.
The search yielded more than 150 articles which were further reviewed; at the end of this selection process, 96 articles were deemed relevant to this review and were examined with a particular emphasis on two topics: chemical and physical properties, and mechanism of toxicity in relation to the influence of physical, chemical, and combined characteristics.
Physical, chemical, and combined characteristics of NPs affecting cellular uptake, translocation, and discharge
The mechanism of cellular uptake of NPs may depend on their specific physico-chemical properties such as size, shape, chemical structure, particle density, solubility, colloidal stability, agglomeration state, and surface charge.
The small size of NPs gives them an increased opportunity for uptake into biological systems, allowing them, for example, to enter tissues, cells, and subcellular organelles, and enabling their direct binding to functional biomolecular structures. As the size decreases, the surface area per unit mass increases and NPs may experience very strong surface forces like van der Waals, electrostatic forces, and chemical bonding. 24 An inhalation study in rats showed that 20 nm NPs of titanium dioxide (TiO 2 ) are characterized by longer retention time in the lungs and increased translocation to interstitial sites compared to the larger NPs (250 nm) of the same material. Small NPs that evade the alveolar macrophages penetrate the alveolar epithelium, resulting in a slower clearance rate from the lung and possibly later translocation to the circulatory and lymphatic system. 25 Alveolar macrophages on the surface of the lungs appear not to be able to recognize particles of less than 70 nm as being "foreign", thus allowing them to gain access to the pulmonary interstitium, and then capillary blood flow. 26 Moreover, fiber-or tube-shaped NPs can present a problem for macrophage-mediated clearance if the NPs exceed the width of the engulfing phagocyte. For example, migration of macrophages containing carbon nanotube (CNT) across the pleura could cause DNA damage to mesothelial cells similar to asbestos fiber. 20 Surface charge also plays an important role in governing cellular uptake of NPs. The plasma membrane is negatively charged, as is the intracellular environment, thus anionic NPs may be endocytosed at a lower rate than the cationic ones. Additionally, DNA is negatively charged, thus cationic NPs are more likely to interact with the genetic material. [27] [28] [29] [30] A number of studies have found that the shape of NPs can highly influence their rate of uptake. Spherical NPs show higher uptake than nanorods, while internalization of these cylindrical shaped materials is strongly influenced by their dimensions so that high-aspect ratio particles are internalized considerably faster than low-aspect ratio particles, i.e. more spherical particles. [31] [32] [33] Moreover, some studies have found that particle shape may also interfere with the clearance mechanisms. Nanofibers measuring more than 20 µm in one axis are too long to be phagocytosed; they induce a rather general non-specific pulmonary inflammatory response, including release of chemokines, cytokines, reactive oxygen species (ROS), and other mediators, which can result in sustained inflammation and eventually fibrotic changes. 34, 35 NPs that reach the lung are predominantly cleared via: mucociliary escalator into the gastrointestinal tract; 36 lymphatic system; 37 and circulatory system. 38 From the lymphatic and circulatory systems, NPs may be distributed to organs, including kidneys, from where partial or total clearance may occur.
When NPs reach the systemic circulation, the particles can interact with plasma proteins, coagulation factors, platelets, and red and white cells. In particular, the binding to plasma components may have a substantial effect on the distribution and excretion of NPs. 39 Several studies show that interstitially injected NPs pass preferentially through the lymphatic system and not the circulatory system, probably due to permeability differences. After entering the lymphatic system, they are located in the lymph nodes. NPs that are able to enter the circulatory system can also gain access to the interstitium and, from there, they can be drained through the lymphatic system to the lymph nodes as free NPs and/or inside macrophages. 40 In vivo pharmacokinetic studies of radiolabeled solid lipid NPs revealed significant lymphatic uptake and a high rate of distribution in peri-aortic, axillar, and inguinal lymph nodes after inhalation in rats. 41 The deposited NPs that are insoluble in the lining fluid of the lungs are taken up less efficiently by the macrophages. 42 The phagocytosed NPs may be destroyed once within the lysosomes of phagocytic cells. Therefore, it is evident that for the NPs consisting of protein drug, macrophage engulfment usually means eventual digestion of the protein. 43 The NPs sequestered by the macrophages may also be transported to regional lymph nodes and may subsequently migrate to systemic circulation. 23 The dermis has a rich supply of blood and macrophages, lymph vessels, dendritic cells, and nerve endings. Therefore, the particles that cross through the stratum corneum and into the epidermis and dermis are potentially available for recognition by the immune system. NPs with a dye penetrated deeper into hair follicles of massaged porcine skin in vitro and persisted longer in human skin in vivo than the dye in solution. Carboxylated quantum dots of 30 nm applied to the skin of mice were localized in the folds and defects in the stratum corneum and hair follicles. A small amount penetrated as deep as the dermis. 44 The NPs that penetrate to the dermis might enter the lymphatic system, and the NPs or dissolved components distribute systemically. 45, 46 
Mechanism of toxicity and influence of physical, chemical, and combined properties
Toxicity of NPs has been thought to originate from NPs' size and surface area, composition, shapes, and so forth as reviewed in the following sections.
Particle size and surface area play a major role in the interaction with biological system; Liu et al. tested the inhibiting effect of different sized nano-TiO 2 on the cell survival rate for rat astrocytes in vitro and in vivo: nano-TiO 2 is toxic to rat neuroglia cells; this toxicity may be related to particle size and the mechanism may be associated with its induction inflammation. 47 Particle chemistry is significant in determining NPs toxicity; depending on their chemistry, NPs can show different cellular uptake, subcellular localization, and ability to catalyze the production of ROS. 48 Though particles may have the same composition, they may have different chemical or crystalline structure. The toxicity of a material depends on its type of crystalline form. NPs can change crystal structure after interaction with water or liquids. 49 Nanomaterial purity is also an important factor as residual contaminating metals may actually be responsible for (geno) toxicological responses rather than the actual nanomaterial itself, the quantity of which depends upon the synthesis procedure employed. However, where metals are present as impurities, iron is one of the primary sources of damage as it induces oxidative stress through Fenton or Haber-Weiss reactions. Indeed, iron contaminants in CNT have been shown to result in a substantial loss of glutathione and increased lipid peroxidation in alveolar macrophages indicators of oxidative stress. 50, 51 Inflammation and immunological effects. The predominant process underlying the pathological effects of NPs is inflammation, involved in atherothrombosis, lung disease, neurodegenerative diseases, and cancer. 52, 53 While the exact mechanism in which NPs induce pro-inflammatory effects is not known, it has been suggested that they create ROS, and thereby modulate intracellular calcium concentrations, activate transcription factors, and induce cytokine production. Therefore, the ability of NPs to initiate, prolong, or worsen inflammation can be seen as a key property.
To date, there are many studies demonstrating that NPs can exhibit inflammatory responses. Their small size, the shape, and thus large surface area appear to be centrally involved in promoting inflammation. The surface area dose-related inflammatory response is partly related to transition metals but is also found in low-toxicity materials and the cellular mechanism is not well understood. 54 It has been reported that the shape of some NPs can also play important roles in the toxic and immunological effects. Human lung epithelial A549 cells were exposed to Ag nanowires (length, 1.5-25 µm; diameter, 100-160 nm), spherical Ag NPs (30 nm), and Ag microparticles (<45 µm), producing distinct effects. It was found that Ag nanowires resulted in calcium influx, the strongest cytotoxicity (reduced cell viability and increased LDH release) and immunological responses (cytokine production and increased activation of NF-κB), whereas spherical Ag particles had negligible effects on cells. The possible reason is that the wires can exclusively contact with the cell surface rather than being internalized. 55 The larger surface area enhances the catalytic activity of the material and thus has been well reported to increase its reactivity because surface atoms have a tendency to have unsatisfied high energy bonds. 56, 57 These NPs are able to gain access to the cellular environment and there is a much greater chance that the enhanced surface area as compared to counterpart micron-sized particles will result in interaction with biomolecules, causing direct cellular damage and promoting oxidative stress, as demonstrated by in vitro experiments. 58, 59 A wide range of NPs has been found to have the ability to cause pro-inflammatory effects. 58 Studies have shown that ultrafine carbon black and TiO 2 NPs are associated with greater inflammatory potency in the lungs of rats following intratracheal instillation as compared to their fine counterparts. [60] [61] [62] Gui et al. showed increased expression of IL-1β, IL-2, IL-4, IL-6, IL-10, and IL-18, in nephritic inflammation caused by TiO 2 NPs intragastrically administered to mice. 63 Moon et al. showed that the levels of pro-inflammatory mediators, such as IL-1β, TNF-α, and macrophage inflammatory protein (MIP)-2, in BALF and mRNA expression of TNF-α and IL-1β in lung tissue were elevated postexposure to TiO 2 NPs in mice. TiO 2 exposure resulted in significant activation of inflammatory signaling molecules, such as c-Src and p38 MAP kinase in lung tissue and alveolar macrophages, and the nuclear factor (NF)-kappa B pathway in pulmonary tissue. 64 Regarding the impact on innate immunity, recently, several studies have demonstrated the effects of NPs on innate immunity via toll-like receptors (TLRs) signaling pathways. Several nanoparticles (e.g. TiO 2 , ZnO, zirconium dioxide [ZrO 2 ], and silver) modulated immune responses via TLRs. TLRs may have important roles not only in different NPs uptake but also in their cellular response. Moreover, the mechanisms of interaction between NPs and TLR are still unclear. The TLRs signaling cascade results in the activation of transcription factors, nuclear factor κ light chain enhancer of activated B cells (NF-B), interferonregulatory factors (IRFs), and mitogen-activated protein kinase; these factors affect the transcription of genes involved in inflammatory and immune responses. 65 As for adaptive immunity, due to their position at physiological-environmental interfaces the immune cells will interact with NPs. Specifically, NPs may facilitate allergic diseases via IgEdependent response and/or interactions with dendritic cells, lymphocytes, eosinophils, and mast cells/basophils. 21, 67 In particular, mast cells are well recognized for their role in facilitating allergic responses in many disease conditions through allergen crosslinking of the high affinity IgE receptor and subsequent release of histamine and a multitude of inflammatory mediators. Due to their location and immune regulatory role, mast cells can contribute significantly to NPs toxicity and may represent a key off-target cell type that could contribute significantly to allergic immune responses following NPs exposure. 21, 66 Inoue et al. found that dosing mice with diesel NPs exacerbates lung inflammation induced by LPS (endotoxin or lipopolysaccharide). Lung homogenates derived from the LPS + NPs mice tended to have an increased tumor necrosis factor-α level and chemotaxis activity for polymorphonuclear leukocytes. 67 Results on pro-inflammatory effects of NPs have also been reported from clinical studies in humans. In a recent explorative analysis, the increase of particulate and gaseous air pollution was associated with multiple changes in the differential white blood cell count in patients with chronic pulmonary diseases. The researchers found an immediate decrease of polymorphonuclear leukocytes in response to an increase of particulate pollutants. Lymphocytes increased within 24 h in response to with all gaseous pollutants but showed only minor effects in regard to particulate air pollution. Monocytes showed an increase associated with ultrafine particles and nitrogen monoxide. The effect had two peaks in time, one 0-23 h before blood withdrawal and a second one with a time lag of 48-71 h. 68, 69 Recent animal and cell culture studies report that airborne NPs exert a significant effect on activating the stress axis, stimulate brain inflammatory markers, and cause neurodegeneration in oxidative stress-prone animals. [70] [71] [72] Microglia appear to play a central role in these inflammatory changes through mechanisms of innate immunity. Microglia located in proximity to fenestrated or "leaky" blood brain barriers (median eminence, area postrema, subfornical organ, and periventricular regions of the hypothalmus) can be signaled by circulating NPs particles themselves or by inflammatory cytokines/chemokines being released systemically from the chronically inflamed airways. This signaling can result in NF-κB activation, upregulation of the innate immune toll-like receptor 2 (TLR-2) and initiation of the inflammatory sequelae described in the brain and microglia exposed to concentrated air particles. 73, 74 The predisposing condition of oxidative stress appears to enhance the neurotoxicity of NPs exposure; exposure to NPs present in urban environments has been shown to induce systemic pro-oxidant and pro-inflammatory effects in apolipoprotein E knockout (ApoE-/-) mice and pro-inflammatory central nervous system (CNS) effects in BALB/c mice. 70 Current research performed in mice investigated whether long-term exposure to ambient ultrafine airborne particulate matter affects their cognition, affective responses, hippocampal inflammatory cytokines, and neuronal morphology. Hippocampal pro-inflammatory cytokine expression was elevated and apical dendritic spine density and dendritic branching were decreased in the hippocampal CA1 and CA3 regions, respectively. These data suggest that long-term exposure to particulate air pollution levels typical of exposure in major cities can alter affective responses and impair cognition. 75 As regards the effects of combustion-generated NPs, in vitro studies on keratinocyte cell lines (HaCaT) showed that organic carbon NPs formed at high temperature in combustion induced a timedependent increase of pro-inflammatory lysophospholipid production. 76 DNA damage. NPs have been shown to cause oxidative stress, an internal metabolic event that can induce DNA damage. This damage can invoke various cellular responses such as cell cycle arrest, apoptosis, and importantly, DNA repair. When DNA is damaged a key effector molecule that is activated is p53. This tumor suppressor gene has been described as "the guardian of the genome" as it is responsible for arresting the cell cycle and activating transcription of genes that mediate DNA repair, thus preventing the conversion of damage to mutation. 77, 78 However, if the damage is extensive, then p53 triggers apoptosis in order to eliminate the individual cell for the benefit of the organism.
Eder et al. have analyzed the effect of a mixture of fine TiO 2 and ultrafine carbon black Printex 90 particles (P90) on the expression of cytochrome P450 1B1 (CYP1B1) in human monocytes, macrophages, bronchial epithelial cells, and epithelial cell lines. CYP1B1 expression is strongly downregulated by P90 in monocytes with a maximum after P90 treatment for 3 h while fine and ultrafine TiO 2 had no effect. CYP1B1 was downregulated up to 130-fold and in addition CYP1A1 mRNA was decreased 13-fold. In vitro generated monocyte-derived macrophages (MDM), epithelial cell lines, and primary bronchial epithelial cells also showed reduced CYP1B1 mRNA levels. The P90-induced reduction of CYP1B1 was also demonstrated at the protein level using Western blot analysis. 79 Combustion-generated NPs exposure might be responsible for an enhancement of skin aging which involves apoptotic cell death, as suggested by in vitro studies on human keratinocyte HaCaT cell line. 13 These polluting NPs also induce endothelial cells (EC) death through the same apoptotic mechanism, as demonstrated in a study which provides the first evidence that exposure of EC to combustion-generated NPs could play a significant role in triggering cardiovascular events via either affecting EC functionality or promoting the inflammatory cascade. 76 Oxidative stress. A key mechanism thought to be responsible for the genotoxic effects exerted by NPs involves oxidative stress, which refers to a redox imbalance within cells usually as a result of increased intracellular ROS and decreased antioxidants. ROS generation is considered as being the main underlying chemical process in nanotoxicology, leading to secondary processes that can ultimately cause cell damage and even cell death. 80, 81 Moreover, ROS is one of the main factors involved in inflammatory processes. Intracellular oxidative stress can activate inflammation via oxidative stress-responsive signaling pathways, resulting in the expression of pro-inflammatory genes that are involved in the recruitment and activation of cytokines, chemokines, and adhesion molecules. The genes that regulate inflammation are under control of transcription factors such as NF-kB and AP-1, both of which are redox sensitive and both of which have been demonstrated to be activated in macrophages exposed to carbon black NPs. 54 Both in vivo and in vitro studies have shown that NPs of various compositions (fullerenes, carbon nanotubes, quantum dots, and automobile exhaust) create ROS. [82] [83] [84] It is believed that the reactivity of the surface area itself or the species (transition metals, organics) which are adsorbed to the outer surface of the particles may contribute to their reactivity and oxidative potency. 56 The transition metals ions (such as cadmium, chromium, cobalt, copper, iron, nickel, titanium, and zinc) released from certain NPs have the potential to cause the conversion of cellular oxygen metabolic products such as H 2 O 2 and superoxide anions to hydroxyl radicals (*OH), which is one of the primary DNA damaging species. In addition to composition, the high surface area associated with NPs can promote the generation of ROS. Consequently, the smaller the NPS, the higher the oxidative stress they induce. 85, 86 Moon et al. examined acute pulmonary responses in an animal study after intraperitoneal administration of TiO 2 NPs, at rest or in lungs primed with lipopolysaccharide. TiO 2 exposure increased neutrophil influx, protein levels in bronchoalveolar lavage fluid, ROS activity of BAL cells 4 h after exposure. 64 Manna et al. found an increased oxidative stress and inhibition of cell proliferation in response to treatment of keratinocytes with single-walled carbon nanotubes (SWCNTs) and suggest that nanotubes can activate NF-kB in a dose-dependent manner. 87 De Marzi et al. investigated the effects of short-term and long-term ceria NPs (CeO 2 -NPs) exposure to A549, CaCo 2 , and HepG 2 cell lines showing that after 24-h exposure NPs can induce ROS damages. However NPs can induce genotoxic damage to the cell when present alone in the cell culture medium but can, conversely, protect the cells from oxidative stress when another genotoxic compound is also present. 86 Reports regarding the toxicity of TiO 2 NPs under UV light irradiation have been shown to suppress tumor growth in cultured human bladder cancer cells via ROS, the data regarding their effects in the absence of UV radiation are contradictory. 88, 89 Recent studies have observed an increase in generation of ROS, activation of several kinases such as ERK and AKT, and downregulation of expression of dual-specificity phosphatases (DUSPs) in silver NPs-exposed human neuroblastoma SH-SY5Y cells; this suggests that silver NPs could modulate the intracellular signaling pathways to lead to neuronal differentiation. 90
Conclusion
Nanotechnology is a fast-growing field of activity that will allow for development of materials with new properties. The number of subjects exposed to NPs should increase over the next few years, in a context in which the impact of NPs on occupational health and safety is currently difficult to predict.
The main factors that determine the toxicological effects of NPs in the body are the characteristics of the exposure (e.g. penetration route, duration, and concentration) and of the exposed organism (e.g. individual susceptibility, activity at time of exposure, and the particular route the NPs follow in the body), and the intrinsic toxicity of NPs (e.g. catalytic activity, composition, electronic structure, capacity to bind or coat surface species, surface area).
The generation of ROS and oxidative injury is thought to play a significant role in many of the observed biological responses to NPs. The size, surface area, and surface of particular NPs are thought to play a role in the generation of ROS. The ROS, in addition to their damaging effects on cellular proteins, lipids, and DNA, can activate inflammation via oxidative stress-responsive signaling pathways, resulting in the expression of genes that are involved in the recruitments and activation of cells that are characteristic of inflammation. Furthermore, NPs may induce or aggravate inflammatory responses by directly influencing immune-related cells. Persistent oxidative stress and inflammation are thought to be the underlying cause of human diseases.
There are reports of toxicity following in vitro and in vivo exposure to many NPs, but there is a small amount of information about exposure assessment and the risk characterization. [91] [92] [93] [94] [95] The recognized toxic effects and the physicochemical characteristics of NPs justify the immediate application of all useful measures, based on the precautionary principle, to limit exposure and protect the health of potentially exposed individuals. 96 At the same time, it would also be useful to have available analytical procedures and devices suitable for the sampling of NPs present in the ambient air. Analogously, the individuation of substances that can be used as exposure biomarkers for biological monitoring purposes should be an object of research.
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